Small cell lung cancer (SCLC) accounts for approximately 15% of lung cancers diagnosed in the US and causes a fatality rate of \>90%.^[@bib1]^ Paradoxically, SCLC was one of the first epithelial malignancies in which combination chemotherapy could increase median survival, with a variety of multi-drug combinations producing response rates of \>80%, albeit with the vast majority suffering recurrence.^[@bib2]^ Over the past 25 years, progress has been made in limited-stage SCLC, where the combination of concurrent radiation and chemotherapy has resulted in a long-term survival rate of 20--25%. However, progress has been slow in extensive SCLC (70% of all cases), with long-term survival rates of approximately 3%.^[@bib3],\ [@bib4],\ [@bib5]^

Tumor cell death induced by chemotherapy or lack of appropriate cellular survival signals is mediated by the intrinsic apoptotic pathway. The integrity of the outer mitochondrial membrane is regulated by the balance of anti- and pro-apoptotic members of the B-cell lymphoma (BCL)-2 protein family.^[@bib6],\ [@bib7]^ The BCL-2 family is subdivided into three main groups based on regions of BCL-2 homology (BH) and function: multidomain anti-apoptotic (BCL-2, myeloid cell leukemia sequence 1 (MCL-1), BCL-X~L~), multidomain pro-apoptotic (BAX, BAK), and BH3-only pro-apoptotic (e.g., BCL-2 interacting mediator of cell death (BIM), PUMA, Noxa). The BH3-only proteins clearly act upstream of BAX and BAK, because they cannot induce apoptosis in cells lacking both BAX and BAK. BH3-only proteins cause cytochrome *c* release by activating BAX and/or BAK, and the anti-apoptotic BCL-2 family of proteins prevents this process. We and the others have demonstrated that the anti-apoptotic member BCL-2, as well as BCL-X~L~ and MCL-1, is overexpressed in SCLC.^[@bib8],\ [@bib9]^ However, until recently, the precise role of these proteins in SCLC biology and therapeutic resistance was poorly understood. The breakthrough came with the development of BH3 mimetic antagonists that block the function of pro-survival BCL-2 family members. ABT-737, the prototype of this new drug class, binds to and blocks BCL-2 and BCL-X~L~, but not MCL-1, function.^[@bib10]^ BH3 mimetic drugs represent one of the most potentially exciting breakthroughs in cancer therapy. Not only do they appear effective in selected malignancies that are highly dependent on the function of the anti-apoptotic BCL-2 family proteins but also act synergistically with chemotherapeutic agents and radiation against a wide variety of malignancies.^[@bib10],\ [@bib11],\ [@bib12]^ SCLC is the only non-hematological malignancy against which ABT-737 and its orally available derivative ABT-263 (currently undergoing clinical trials) are effective as a single agent, albeit with a broad range of sensitivities among established cell lines.^[@bib10],\ [@bib13],\ [@bib14]^ SCLC\'s response rates to ABT-263 in early clinical studies have also been quite variable, ranging from minimal tumor shrinkage to progressive disease.^[@bib14]^ It was demonstrated that one factor mediating *in vitro* resistance to ABT-737 was the level of MCL-1 expression.^[@bib11],\ [@bib15],\ [@bib16]^ However, we previously noted that MCL-1 expression was similar in a panel of SCLC cell lines whose sensitivity to ABT-737 varied over 2 logs. We also noted that Noxa (a pro-apoptotic BH3-only protein that specifically binds MCL-1) expression directly correlated with sensitivity to ABT-737.^[@bib17]^ Here, we further examined the molecular mechanisms of ABT-737 sensitivity regulated by the NOXA/MCL-1 axis. We show that Noxa regulates MCL-1 localization and stability by: (1) BH3-mediated protein:protein interaction; (2) mitochondrial targeting of the protein complex; and (3) ubiquitination of lysine residues in Noxa leading to phosphorylation/ubiquitination of MCL-1. ABT-737\'s sensitivity of SCLC is modulated as a consequence of these processes that regulate MCL-1 expression.

Results
=======

The level of Noxa expression in SCLC cells correlates with the sensitivity to ABT-737
-------------------------------------------------------------------------------------

To identify factors that were responsible for variable sensitivity of SCLC to ABT-737, we used a representative panel of SCLC cell lines with levels of sensitivity that ranged over \>2 logs (IC~50~: 0.03∼\>10 *μ*M). Expression of the BCL-2 family members, particularly MCL-1, Noxa, and BIM, which has been implicated in determining sensitivity to ABT-737, was assessed in this panel of cell lines ([Figures 1a--d](#fig1){ref-type="fig"}). MCL-1 levels were relatively constant in all cell lines. Among the eight cell lines we examined, four groups could be separated based on Noxa and BIM expression: (1) Noxa-high, BIM-low (H1184 and H2171); (2) Noxa-high, BIM-high (H69 and H2141); (3) Noxa-low, BIM-high (H128 and H526); and (4) Noxa-low, BIM-low (H82 and H209). In group 4, both *Noxa* and *Bim* mRNAs and their protein expression were undetectable in H209, and both BCL-2 and BCL-X~L~ expression was significantly lower in H82 than those in other cell lines. The extent of apoptosis with 100 nM ABT-737 in each cell line was confirmed by PARP cleavages, which was consistent with the IC~50~ values ([Figure 1e](#fig1){ref-type="fig"}).

In order to examine the significance of Noxa and BIM for sensitivity to ABT-737, we introduced short-hairpin RNAs (shRNAs) for *Noxa* and *Bim* in H2171, H69, and H526. In the cases of Noxa-high cells (H2171 and H69), downregulation of Noxa strongly inhibited apoptosis induced by ABT-737 judged by PARP cleavage ([Figures 2a and b](#fig2){ref-type="fig"} and [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Downregulation of BIM in H69 cells (BIM-high) did not significantly affect the extent of ABT-737-induced apoptosis ([Figure 2b](#fig2){ref-type="fig"}), suggesting BIM is dispensable in this cell line. In contrast, downregulation of BIM strongly inhibited apoptosis induced by ABT-737 in H526 cells, while downregulation of Noxa only caused partial inhibition (Noxa-low, BIM-high) ([Figure 2c](#fig2){ref-type="fig"}). These results suggest that Noxa is primarily responsible for ABT-737 sensitivity and that BIM contributes to the sensitivity if Noxa expression is low.

As H209 cells showed undetectable levels of Noxa and BIM and were resistant to ABT-737, we introduced Noxa or BIM cDNAs into H209 cells to examine whether the expression of Noxa or BIM could restore ABT-737 sensitivity. When Noxa was expressed in H209 cells ([Figure 3a](#fig3){ref-type="fig"}), apoptosis was increased over 16 h using only 10 nM ABT-737 ([Figure 3b](#fig3){ref-type="fig"}). It has been proposed that BAK is sequestered by MCL-1 and BCL-X~L~ until displaced by BH3-only proteins.^[@bib18]^ In H209 cells, Noxa bound MCL-1 regardless of ABT-737 treatment ([Figure 3c](#fig3){ref-type="fig"}) and the binding between MCL-1 and BAK was decreased in the presence of Noxa ([Figure 3d](#fig3){ref-type="fig"}). The BAK-BCL-X~L~ interaction was decreased by ABT-737 binding to BCL-X~L~ ([Figure 3d](#fig3){ref-type="fig"}),^[@bib10]^ indicating that BAK was released from both MCL-1 and BCL-X~L~ only when Noxa-expressing cells were treated with ABT-737. As a consequence, BAK was free from binding and became active ([Figure 3e](#fig3){ref-type="fig"}). ABT-737 is known to bind to BCL-2 as well as BCL-X~L~. Therefore, BAX also became active in Noxa-expressing cells treated by ABT-737 ([Figure 3f](#fig3){ref-type="fig"}). These results demonstrate that MCL-1 inactivation by Noxa together with inhibition of BCL-2 and BCL-X~L~ by ABT-737 induces apoptosis. The exogenous expression of BIM in H209 cells also induced apoptosis with ABT-737 treatment ([Figure 3g](#fig3){ref-type="fig"}), presumably because BIM was capable of interacting with MCL-1. The result indicates that BIM has a significant role in the induction of apoptosis by ABT-737 when Noxa is absent, as shown in [Figure 2c](#fig2){ref-type="fig"}. When Noxa was transiently expressed in H82 cells, apoptosis was induced without ABT-737 treatment ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}), suggesting that MCL-1 inactivation by Noxa is enough to induce apoptosis if the expression of BCL-2 and BCL-X~L~ is low ([Figure 1a](#fig1){ref-type="fig"}).

The expression of Noxa in H209 cells recruits MCL-1 to the mitochondria followed by the induction of its phosphorylation
------------------------------------------------------------------------------------------------------------------------

It has been demonstrated that several domains and amino acids are responsible for the function of Noxa: (1) BH3 domain for the interaction with anti-apoptotic BCL-2 family proteins, such as MCL-1 and A1;^[@bib19]^ (2) lysine residues for ubiquitination;^[@bib20]^ (3) C-terminus hydrophobic amino acids for the mitochondrial localization (mitochondria targeting domain (MTD)).^[@bib21]^ In order to determine the role of these functional components in regulating MCL-1 activity, we substituted corresponding amino acids to generate Noxa mutants 3E (BH3 domain), KR (ubiquitination sites), and 5A (MTD) ([Figure 4a](#fig4){ref-type="fig"}) and introduced them into H209 cells. The levels of Noxa and MCL-1 protein varied depending on the Noxa isoform expressed ([Figure 4b](#fig4){ref-type="fig"}), although the levels of exogenous *Noxa* and endogenous *MCL-1* mRNA were similar in the cells ([Figure 4c](#fig4){ref-type="fig"}). The levels of Noxa-KR and Noxa-5A were higher and lower, respectively, than that of Noxa-wild type (wt), and the level of MCL-1 was significantly higher in the cells expressing Noxa-5A ([Figure 4b](#fig4){ref-type="fig"}), indicating post-transcriptional regulation.

We first examined the ability of each Noxa mutant to interact with MCL-1 by co-immunoprecipitation. The BH3 domain mutant Noxa-3E did not bind to MCL-1, but other mutants retained that ability ([Figure 4d](#fig4){ref-type="fig"}). As Noxa--MCL-1 interaction is critical for ABT-737 sensitivity ([Figure 3](#fig3){ref-type="fig"}), we next examined the induction of apoptosis with ABT-737 treatment in cells expressing each Noxa mutant. Consistent with the capability of Noxa--MCL-1 interaction, Noxa-3E could not induce apoptosis by ABT-737 treatment, and Noxa-KR and Noxa-5A induced apoptosis more and less, respectively, compared with Noxa-wt, correlating with the levels of Noxa protein ([Figure 4e](#fig4){ref-type="fig"}).

Noxa is known to be predominantly localized at the mitochondria.^[@bib21]^ Thus, we examined whether the mutation of Noxa affects its subcellular localization, as well as that of MCL-1. H209 cells were subcellularly fractionated into cytosol and heavy-membrane (HM; enriched for mitochondria) fractions. Although Noxa-wt, Noxa-3E, and Noxa-KR were predominantly localized at the mitochondria, Noxa-5A, in which all hydrophobic amino acids were substituted to alanines, was localized more in the cytosol ([Figure 4f](#fig4){ref-type="fig"}). Interestingly, the localization of MCL-1 was also dramatically changed depending on the expression of Noxa-wt or its mutants. When Noxa-wt was expressed in H209 cells, most MCL-1 protein was clearly localized in the mitochondrial fraction. In contrast, the expression of Noxa-3E, which could not bind to MCL-1, did not affect MCL-1 localization compared with H209 cells without Noxa expression ([Figure 4f](#fig4){ref-type="fig"}, upper panel). Noxa-KR expression induced similar MCL-1 translocation as observed in Noxa-wt. Both Noxa-5A and MCL-1 were more prevalent in the cytosol. These results suggest that Noxa and MCL-1 co-localize when they physically interact and form a complex. We also noted several slower-migrating bands of MCL-1 on regular SDS-PAGE when Noxa-wt was expressed. Thus, we performed SDS-PAGE with Phos-Tag^[@bib22]^ to examine the phosphorylation status of MCL-1 in Noxa-infected cells. Slower-migrating bands indicative of phosphorylation of MCL-1 were detected only in the mitochondrial fraction when Noxa-wt or Noxa-KR was expressed in H209 cells ([Figure 4f](#fig4){ref-type="fig"}, lower panel). This result suggests that Noxa binds to and recruits MCL-1 to the mitochondria and that MCL-1 is subsequently phosphorylated.

We next addressed whether Noxa could recruit MCL-1 from cytosol to the mitochondria in other cells. As the MCL-1 antibodies we tested were not suitable for immunofluorescence (they stained cells non-specifically; [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}), we transfected myc-tagged MCL-1 (5Myc-MCL-1) into HeLa cells and detected the MCL-1 localization by anti-Myc antibodies ([Figure 5](#fig5){ref-type="fig"}). Exogenous myc-tagged MCL-1 was stably expressed with similar amounts as the endogenous MCL-1 in HeLa cells ([Figure 5a](#fig5){ref-type="fig"}). We then introduced Noxa-wt or Noxa-3E into the HeLa cells containing myc-tagged MCL-1 and fractionated into cytosol and HM fractions. Hela cells expressed undetectable levels of endogenous Noxa, and both Noxa-wt and Noxa-3E were predominantly localized in the mitochondria ([Figure 5b](#fig5){ref-type="fig"}). In contrast, both myc-tagged and endogenous MCL-1 were localized less in the cytosol and more at the mitochondria when Noxa-wt was expressed. However, the expression of Noxa-3E did not affect MCL-1 localization compared with HeLa cells without Noxa expression ([Figure 5b](#fig5){ref-type="fig"}). The Noxa-dependent MCL-1 translocation was also confirmed by immunofluorescence. Myc-tagged MCL-1 was diffusely distributed in the HeLa cells without the introduction of Noxa-wt ([Figure 5c](#fig5){ref-type="fig"}, upper panels). In contrast, myc-tagged MCL-1 had a punctate distribution at the mitochondria when Noxa-wt was expressed ([Figure 5c](#fig5){ref-type="fig"}, lower panels). These results indicate that the Noxa-mediated MCL-1 translocation is a common mechanism, which is regulated by the Noxa BH3 domain.

Noxa induces MCL-1 ubiquitination only when they form a complex at the mitochondria
-----------------------------------------------------------------------------------

The protein stability of both Noxa and MCL-1 is known to be regulated by ubiquitination-dependent proteasomal degradation. The phosphorylation status of MCL-1 determines ubiquitination of MCL-1.^[@bib23],\ [@bib24]^ Thus, we examined whether MCL-1 ubiquitination was regulated by Noxa-wt or mutant expression. Expression of Noxa-wt and Noxa-3E resulted in a series of slower-migrating bands spaced at ∼7-kD intervals on a Noxa immunoblot ([Figure 6a](#fig6){ref-type="fig"}). In contrast, Noxa-KR, in which all putative lysines for ubiquitination were substituted to arginines, did not show similar bands, suggesting that slower-migrating bands are ubiquitinated Noxa. Slower-migrating bands were also undetectable for Noxa-5A, which is predominantly cytosolic ([Figure 6a](#fig6){ref-type="fig"}). We also determined the ubiquitination status of MCL-1 by immunoprecipitation with anti-MCL-1 followed by immunoblot analysis with anti-ubiquitin antibodies. MCL-1 ubiquitination was strongly enhanced in H209 cells with Noxa wt but not with mutants disrupting the BH3 or MTD domains or potential ubiquitination sites ([Figure 6b](#fig6){ref-type="fig"}). In cells treated with the proteasome inhibitor MG132, ubiquitinated Noxa and MCL-1 were stabilized, resulting in increased quantities of Noxa-wt, Noxa-3E, and MCL-1 in H209 cells expressing Noxa-wt ([Figure 6a](#fig6){ref-type="fig"}). To directly assess the effects of Noxa on MCL-1 stability, we monitored the decay of MCL-1 after inhibition of new protein synthesis by cycloheximide treatment. MCL-1 was degraded faster in the presence of Noxa-wt expression than in the absence of Noxa (half-lives, ∼0.5 and ∼1.5 h, respectively; [Figures 6c and d](#fig6){ref-type="fig"}). Noxa-dependent modulation of MCL-1 stability was also confirmed in the H2171 SCLC cell line. Downregulation of Noxa by shRNA stabilized MCL-1 (half-lives: control, ∼2.5 h; shNoxa, ∼4.5 h; [Figures 6e and f](#fig6){ref-type="fig"}). Taken together, these data indicate that Noxa regulates MCL-1 stability in a complex process involving modulation of its subcellular localization, phosphorylation, and ubiquitination status.

Discussion
==========

SCLC is the only solid tumor against which ABT-737 and its orally available derivative ABT-263 are effective as a single agent, albeit with a broad range of sensitivities.^[@bib10],\ [@bib13],\ [@bib14]^ Although these drugs could eventually result in a significant advance in the treatment of SCLC, considerable work must be done to optimize the likelihood of therapeutic success. The reasons for variable effectiveness must be understood, biomarkers for predicting efficacy must be developed, and the problem of overlapping toxicity with chemotherapy must be overcome. It has been shown that MCL-1, Noxa, and BIM have critical roles in determining ABT-737 sensitivity.^[@bib25],\ [@bib26],\ [@bib27]^ We first examined the expression of the BCL-2 family proteins in a panel of SCLC cell lines. Among the family proteins, the expression of Noxa and BIM was dramatically different and only Noxa expression correlated with the sensitivity of ABT-737 ([Figure 1](#fig1){ref-type="fig"}). *Noxa* was originally identified as a p53 target gene.^[@bib28]^ However, p53 expression was undetectable except in H1184 cells that contain a G334V p53 mutation,^[@bib29]^ suggesting that *Noxa* expression in SCLC is p53-independent. Loss of Noxa expression appears to be a tumor-specific event, as the matched BL209, a lymphoblastoid line derived from the same patient as H209, expresses easily detectable levels of *Noxa* mRNA and protein ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}).

We divided SCLC cell lines in four groups based on the levels of Noxa and BIM. Among them, Noxa-high cells were more sensitive to ABT-737, and downregulation of Noxa strongly inhibited apoptosis induced by ABT-737 regardless of the level of BIM expression ([Figures 2a and b](#fig2){ref-type="fig"}). In addition, Noxa expression in BIM-null H209 cells restored ABT-737 sensitivity ([Figure 3b](#fig3){ref-type="fig"}). Thus, Noxa is a critical molecule determining ABT-737 sensitivity in SCLC cells. In contrast, the significance of BIM for ABT-737 sensitivity depends on the level of Noxa expression. When Noxa expression was high, downregulation of BIM did not affect apoptosis induced by ABT-737 (H69, [Figure 2b](#fig2){ref-type="fig"}), suggesting that BIM is dispensable. However, BIM played an important role in ABT-737-induced apoptosis when Noxa expression was low (H526, [Figure 2c](#fig2){ref-type="fig"}). Moreover, the expression of BIM in Noxa-null H209 cells restored ABT-737 sensitivity ([Figure 3g](#fig3){ref-type="fig"}). We speculate that the affinity between Noxa and MCL-1 might be stronger than that between BIM and MCL-1. Thus, MCL-1 could be occupied by Noxa in Noxa-high cells and the sensitivity to ABT-737 in these cells becomes Noxa-dependent. On the other hand, most MCL-1 could be bound to BIM when Noxa expression was low and ABT-737 sensitivity could be regulated by both Noxa and BIM.

It has been proposed that Noxa regulates MCL-1 expression.^[@bib30]^ The introduction of Noxa-wt in H209 cells restored ABT-737 sensitivity by binding to MCL-1 ([Figure 3](#fig3){ref-type="fig"}). Noxa-3E, a BH3 domain mutant, lost the ability to bind to MCL-1 and to induce apoptosis by ABT-737 ([Figures 4d and e](#fig4){ref-type="fig"}). Noxa-3E as well as Noxa-wt predominantly localized at the mitochondria. Although the localization of MCL-1 was clearly shifted from the cytosol to the mitochondria when Noxa-wt was expressed, the expression of Noxa-3E did not change MCL-1 localization, compared with H209 without Noxa ([Figure 4f](#fig4){ref-type="fig"}). These data suggest that Noxa recruits MCL-1 through binding with its BH3 domain. Noxa-mediated MCL-1 translocation was also observed in HeLa cells ([Figure 5](#fig5){ref-type="fig"}), indicating a common mechanism. We further examined Noxa and MCL-1 localization using Noxa-5A in which all hydrophobic amino acids in MTD were substituted to alanines. Surprisingly, we found that the level of Noxa-5A protein was lower than that of Noxa-wt, and the level of MCL-1 protein was significantly higher in the cells expressing Noxa-5A ([Figure 4b](#fig4){ref-type="fig"}), although the levels of *Noxa* and *MCL-1* mRNA were similar ([Figure 4c](#fig4){ref-type="fig"}). Noxa-5A still retained the ability to bind to MCL-1 and enhance ABT-737 sensitivity, albeit not to the same degree as Noxa-wt, likely due to lower levels of Noxa-5A and higher levels of MCL-1 ([Figures 4d and e](#fig4){ref-type="fig"}). MCL-1 predominantly localized in the cytosol with Noxa-5A expression. These results suggest that proper localization of Noxa regulates not only the localization of MCL-1 by the binding through the Noxa BH3 domain but also the stability of each protein.

Both Noxa and MCL-1 are labile proteins; the stability is regulated, at least in part, by ubiquitin-dependent proteasome degradation. The expression level of Noxa-KR (a ubiquitination sites mutant) was higher than Noxa-wt, although the levels of *Noxa* mRNA were similar ([Figure 4b](#fig4){ref-type="fig"}), suggesting that Noxa-KR was more stable. Noxa-KR induced more apoptosis with ABT-737 than Noxa-wt, as this stable Noxa mutant was still capable of binding to MCL-1 ([Figures 4d and e](#fig4){ref-type="fig"}). The localization of Noxa-KR was predominantly at the mitochondria, thus MCL-1 was also translocated to the mitochondria, as similarly observed with Noxa-wt expression ([Figure 4f](#fig4){ref-type="fig"}). Interestingly, when Noxa-wt or Noxa-KR was expressed in H209 cells, the MCL-1 phosphorylation at the mitochondria was clearly enhanced ([Figure 4f](#fig4){ref-type="fig"}, lower panel). These results suggest that the phosphorylation of MCL-1 occurs at the mitochondria only when it co-localizes with Noxa. Noxa-wt and Noxa-3E, but not Noxa-KR, showed slower-migrating bands on SDS-PAGE, suggesting that slower-migrating bands are ubiquitinated Noxa ([Figure 4f](#fig4){ref-type="fig"}). Slower-migrating bands were undetectable in Noxa-5A, which predominantly localized in the cytosol. Consistently, when cells were treated with the proteasome inhibitor MG132, the levels of Noxa-wt and Noxa-3E increased, but not those of Noxa-KR and Noxa-5A, supporting the ubiquitination of Noxa-wt and Noxa-3E. These results suggest that Noxa can be ubiquitinated only at the mitochondria, independent of the binding to MCL-1. The ubiquitination of MCL-1 was enhanced only when Noxa-wt was expressed ([Figures 6a and b](#fig6){ref-type="fig"}). These data suggest that for MCL-1 ubiquitination to take place Noxa must localize at the mitochondria, bind MCL-1, and be ubiquitinated. Consistent with its ubiquitination status, the half-life of MCL-1 shortened when Noxa-wt was expressed in H209 cells ([Figures 6c and d](#fig6){ref-type="fig"}). Conversely, the half-life of MCL-1 lengthened when Noxa was downregulated in H2171 cells ([Figures 6e and f](#fig6){ref-type="fig"}). Of note, MCL-1 became stable with MG132 treatment while Noxa was still degraded, implicating the presence of a ubiquitin-independent pathway for Noxa degradation ([Figure 6c](#fig6){ref-type="fig"}).^[@bib31]^

Based on the above data, we propose the following model for the regulation of Noxa/MCL-1 localization and ubiquitin-dependent protein stability which, in turn, regulates ABT-737 sensitivity ([Figure 7](#fig7){ref-type="fig"}): (a) In cells without Noxa expression, MCL-1 predominantly localizes in the cytosol. The cytosol-localized MCL-1 is neither phosphorylated nor ubiquitinated, thus is relatively stable; (b) When Noxa is expressed, this protein is localized at the mitochondria via its mitochondrial-targeting domain. Noxa subsequently becomes ubiquitinated on lysine residues independent of binding to MCL-1. MCL-1 is recruited from the cytosol to the mitochondria by binding to the BH3 domain of Noxa. MCL-1 can then be phosphorylated and ubiquitinated, and as a consequence, it becomes less stable; (c) ABT-737 interacts with BCL-X~L~ and BCL-2, resulting in the release of BAK. However, BAK is captured by MCL-1, thus cannot be activated; and (d) When Noxa is expressed, ABT-737 binds to BCL-X~L~ and BCL-2 and Noxa binds to MCL-1, resulting in the release of BAK and subsequent activation of BAK and BAX. We speculate that kinase(s) and E3 ligase(s) responsible for Noxa/MCL-1 phosphorylation and ubiquitination, respectively, may co-localize at the mitochondria. These kinase(s) and E3 ligase(s) could be critical modulatory components of Noxa/MCL-1-regulated apoptosis. Further studies of these complex regulatory mechanisms could reveal alternative strategies to enhance the therapeutic index of BH3 mimetic drugs and overcome chemotherapy resistance in SCLC.

Materials and Methods
=====================

Cell lines and cell culture
---------------------------

Human SCLC cell lines, HeLa, and 293T cells were purchased from the American Type Culture Collection (Manassas, VA, USA). *Mcl-1*^−/−^ mouse embryonic filriblasts (MEFs) were kindly provided by Joseph Opferman (St. Jude Children\'s Research Hospital, Memphis, TN, USA). H69, H128, H526, H82, and H209 were cultured in RPMI 1640 (Life Technologies, Grand Island, NY, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 100 *μ*g/ml penicillin G/streptomycin at 37 °C in a humidified, 5% CO~2~ incubator. H1184, H2171, and H2141 were cultured in DMEM/F12 (Life Technologies) supplemented with 5% FBS, extra 2 mM L-glutamine, insulin-transferrin-sodium selenite supplement (Roche, Indianapolis, IN, USA) and 100 *μ*g/ml penicillin G/streptomycin. HeLa, 293T, and *Mcl-1*^−/−^ MEFs were cultured in DMEM supplemented with 10% FBS and 100 *μ*g/ml penicillin G/streptomycin.

Plasmid construction and virus infection
----------------------------------------

The lentiviral shRNA-expressing constructs were purchased from Open Biosystems (Huntsville, AL, USA). Noxa cDNAs were cloned into pCDH-EF1-MCS-IRES-neo (System Biosciences, Mountain View, CA, USA). Noxa mutant cDNAs were constructed with QuikChange Lightning Site-Directed Mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer\'s protocol. The constructs were transfected into 293T packaging cells along with the packaging plasmids, and the lentivirus-containing supernatants were used to transduce SCLC cells. Human *Mcl-1* cDNA was synthesized from HeLa cells by RT-PCR. The N-terminal 5 × Myc-tagged Human MCL-1 (5Myc-MCL-1) was constructed by cloning the above *Mcl-1* cDNA into pBabe-Hygro encoding a 5 × Myc epitope tag. The constructs were transfected into 293T packaging cells along with the packaging plasmids, and the retrovirus-containing supernatants were used to transduce HeLa cells.

Chemicals and antibodies
------------------------

Cycloheximide and MG132 were purchased from Millipore (Billerica, MA, USA). Antibodies purchased were as follows: BIM (C34C5), BCL-X~L~ (54H6), Cleaved PARP (D64E10) and Cleaved Caspase-3 (5A1E) from Cell Signaling Technology (Danvers, MA, USA); Noxa (114C307.1) from Thermo Fisher Scientific (Waltham, MA, USA); BAX (6A7) from Sigma (St. Louis, MO, USA); MCL-1 from Enzo Life Sciences (Farmingdale, NY, USA); BAX (N-20) and alpha-Tubulin (sc-8035) from Santa Cruz Biotechnology (Santa Cruz, CA, USA); BAK (06--536) and BAK (Ab-1) from Millipore; and Ubiquitin (VU-1) from Life Sensors (Malvern, PA, USA).

Immunoprecipitation and immunoblot analyses
-------------------------------------------

Whole-cell lysates were prepared with CHAPS lysis buffer (20 mM Tris (pH 7.4), 137 mM NaCl, 1 mM dithiothreitol (DTT), 1% CHAPS (3-\[(3-cholamidopropyl) dimethylammonio\]-1-propanesulfonate), a protease inhibitor cocktail, and phosphatase inhibitor cocktails (Sigma)). For immunoprecipitation, equal amounts of protein were pre-cleared with protein A/G beads (Pierce, Rockford, IL, USA) and incubated with the appropriate antibodies on ice for 2 h. Then the antibody complexes were captured with protein A/G beads at 4 °C for 1 h. After washing three times with the same lysis buffer, the beads were re-suspended in the sample buffer and separated by SDS-PAGE. For western blotting analyses, equal amounts of proteins were loaded on a SDS acrylamide gel, transferred to a nitrocellulose membrane, and analyzed by immunoblotting. Phosphorylated MCL-1 was detected on 10% SDS-PAGE with 25 mM Phos-tag acrylamide (Wako, Richmond, VA, USA) according to the manufacturer\'s protocol.^[@bib22]^

Immunofluorescence
------------------

Cells were plated on sterile coverslips and allowed to attach for 24 h. Cells were then serum starved for 48 h, washed, fixed with cold methanol for 15 min, washed with PBS for 5 min, and blocked in 5% bovine serum albumin, 0.1% (v/v) tween20 in PBS for 30 min at ambient temperature. Cells were incubated with monoclonal anti-Myc (9E10) antibody (Santa Cruz Biotechnology) diluted 1 : 200 in blocking buffer overnight at 4 °C, washed three times with PBS, and incubated with a FITC-conjugated anti-mouse antibody (1 : 5000 dilution) for 1 h at ambient temperature. Coverslips were mounted using Vectashield (Vector Labs, Burlingame, CA, USA) and viewed with a Zeiss Axiovert 200 microscope (Thornwood, NY, USA) with excitation at 488 nm. Mitochondria were labeled with 100 nM MitoTracker Red CMXRos (Cell Signaling Technology) for 30 min.

Subcellular fractionation
-------------------------

The cells were resusupended in hypotonic buffer A (200 mM mannitol, 70 mM sucrose, 10 mM Hepes (pH 7.5), 1 mM EGTA, and 1 × protease inhibitor cocktail) on ice for 15 min. The cells were destroyed by passing through a 25-gauge needle 15 times, and then centrifuged at 1000 × *g* for 10 min at 4 °C to eliminate unbroken cells and nuclei. The supernatant was centrifuged at 10 000 × *g* for 30 min at 4 °C. The pellet was lysed in RIPA buffer as the HM fraction. The supernatant was further centrifuged at 100 000 × *g* for 1 h at 4 °C. The supernatant was saved as the soluble cytosol (S100) fraction.

Cell viability assay
--------------------

SCLC cells were seeded in triplicate in microtiter plates (96 wells) with a concentration of 4 × 10^4^ cells per well in 100-*μ*l medium and were treated with 0--10 *μ*M ABT-737 for 72 h. Cell survival was measured by the WST-1 assay, which is based on the tetrazolium salt WST-1 (4-\[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio\]-1,3-benzene disulphonate), according to the manufacturer\'s instruction (Roche).

Quantitative RT-PCR
-------------------

Total RNA was extracted with the RNeasy kit (Qiagen, Valencia, CA, USA) from SCLC cell lines. One-microgram of RNA was reverse-transcribed by High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA, USA) according to the manufacturer\'s instructions. Using Taqman Gene Expression Assay probe/primer (Hs00197982 for *Bim*, Hs00560402 for *Noxa*, and Hs03043899 for *Mcl-1* (Applied Biosystems)), cDNAs were amplified in a fluorescence thermocycler (Applied Biosystems; 7500HT Fast Real-time PCR system) and were analyzed based on the expression level of GADPH with SDS2.2 software (Applied Biosystems).

Statistical analysis
--------------------

Values represent the means±S.D. for three separate experiments. The significance of differences between experimental variables was determined using the Student\'s *t*-test. Values were considered statistically significant at *P*\<0.05.
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![The expression levels of Noxa in SCLC cells correlate with sensitivity to ABT-737. (**a**) Expression of the BCL-2 family proteins and p53 in SCLC cell lines was determined by immunoblot analysis. The IC~50~ of ABT-737 in each cell line was determined by WST-1 assay at 72 h after treatment. (**b**--**d**) *Noxa* (**b**), *Bim* (**c**), and *Mcl-1* (**d**) mRNA expression in SCLC cell lines was measured by quantitative real-time PCR (qPCR). Average values from triplicate samples are shown as representative of two independent experiments. (**e**) Apoptosis induced by ABT-737 (100 nM) treatment for 24 h was detected by poly ADP-ribose polymerase (PARP) cleavage with immunoblot analysis](cddis20146f1){#fig1}

![Apoptosis induced by ABT-737 in SCLC cells is regulated by the expression of Noxa and BIM. (**a**) H2171 cells were infected with lentivirus-encoding shRNA for non-targeting control or *Noxa*. Cells were then treated with ABT-737 (100 nM) for 24 h, and equal amounts of total extracts were subjected to immunoblot analysis using the indicated antibodies. (**b**) H69 cells were infected with lentivirus-encoding shRNA for non-targeting control, *Noxa*, or *Bim*. Cells were then treated with ABT-737 (100 nM) for 24 h, and equal amounts of total extracts were subjected to immunoblot analysis using the indicated antibodies. (**c**) H562 cells were infected with lentivirus-encoding shRNA for non-targeting control, *Noxa*, or *Bim*. Cells were then treated with ABT-737 (1 *μ*M) for 24 h, and equal amounts of total extracts were subjected to immunoblot analysis using the indicated antibodies. The levels of *Noxa* mRNA before ABT-737 treatment were determined by qPCR (right panel)](cddis20146f2){#fig2}

![Expression of Noxa or BIM in H209 cells restores the sensitivity to ABT-737. (**a**) H209 cells were infected with lentivirus-encoding Flag-tagged Noxa cDNA or vector alone as control. Cells were then treated with ABT-737(10 nM) for 16 h. Equal amounts of total extracts were subjected to immunoblot analysis using the indicated antibodies. (**b**) H209 cells expressing control or Flag-tagged Noxa were treated with ABT-737 (10 nM) for the indicated times, and equal amounts of total extracts were subjected to immunoblot analysis using the indicated antibodies. (**c**--**f**) Total cell lysates in (**a**) were subjected to immunoprecipitation (IP) with (**c**) anti-Flag, (**d**) anti-BAK, (**e**) conformational change-specific anti-BAK (Ab-1), or (**f**) conformational change-specific anti-BAX (6A7) antibodies. Immunoblot analyses were carried out on precipitated samples with the indicated antibodies. (**g**) H209 cells expressing control or HA-tagged BIM were treated with ABT-737(10 nM) for 16 h. Equal amounts of total extracts were subjected to immunoblot analysis using the indicated antibodies](cddis20146f3){#fig3}

![Noxa binds to and recruits MCL-1 from cytosol to mitochondria. (**a**) Schematic representation of amino-acid sequence of Noxa-wt and the mutants constructed in this study. (**b**) H209 cells expressing Flag-tagged Noxa-wt or mutants were analyzed by immunoblot using the indicated antibodies. (**c**) The levels of *Mcl-1* or *Noxa* mRNA in the cells in panel (**b**) were determined by qPCR. Average values from triplicate samples are shown as representative of two independent experiments. (**d**) The interaction between Noxa and MCL-1 was examined by co-immunoprecipitation. Total cell lysates in (**a**) were subjected to immunoprecipitation (IP) with anti-Flag antibodies, and immunoblot analyses were carried out on precipitated samples with the indicated antibodies. (**e**) H209 cells expressing Noxa-wt or mutants were treated with ABT-737 (10 nM) for 16 h, and equal amounts of total extracts were subjected to immunoblot analysis using the indicated antibodies. (**f**) H209 cells expressing Noxa-wt or mutants were fractionated into cytosol and HM fractions. Each fraction was subjected to immunoblot analysis using the indicated antibodies. The integrity of fractionation was determined by *β*-actin for cytosol and cytochrome *c* oxidase IV (COX IV) for HM. Phosphorylated MCL-1 was detected on 10% SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) with 25 *μ*M Phos-tag acrylamide (lower panel). Arrows indicate the phosphorylated MCL-1](cddis20146f4){#fig4}

![Noxa recruits MCL-1 from cytosol to mitochondria in HeLa cells. (**a**) HeLa cells expressing Myc-tagged MCL-1 (5Myc-MCL-1) or vector alone as control were analyzed by immunoblot using the indicated antibodies. Arrowheads indicate the positions of Myc-tagged or endogenous MCL-1, respectively. (**b**) HeLa cells expressing Myc-tagged MCL-1 (5Myc-MCL-1) were infected with lentivirus encoding Noxa-wt, Noxa-3E, or vector alone as control. Twenty-four hours after infection, cells were fractionated into cytosol and HM fractions. Each fraction was subjected to immunoblot analysis using the indicated antibodies. The integrity of fractionation was determined by *β*-actin for cytosol and cytochrome *c* oxidase IV (COX IV) for HM. (**c**) HeLa cells expressing 5Myc-MCL-1 were infected with lentivirus encoding Noxa-wt or vector alone as control. Twenty-four hours after infection, Myc-tagged Mcl-1 was immunostained by an anti-Myc (9E10) antibody and mitochondria (Mito) were visualized with Mitotracker Red](cddis20146f5){#fig5}

![The expression of Noxa-wt enhances Mcl-1 ubiquitination and degradation. (**a**) H209 cells expressing Noxa-wt or mutants were treated with MG-132 (10 *μ*M) for 4 h. Equal amounts of total extracts were subjected to immunoblot analysis using the indicated antibodies. The left panel is a merged image from the single film exposure. (**b**) H209 cells expressing Noxa-wt or mutants were treated with MG-132 (10 *μ*M) for 4 h. Total cell lysates were subjected to immunoprecipitation with anti-MCL-1 antibodies, and immunoblot analysis was carried out on precipitated samples with anti-ubiquitin antibodies. (**c**) H209 cells expressing control vector (−) or Noxa-wt were treated with cycloheximide (CHX, 10 *μ*g/ml) in the presence or absence of MG-132 (10 *μ*M) for the indicated times. Equal amounts of total extracts were subjected to immunoblot analysis using the indicated antibodies. (**d**) The relative amount of MCL-1 with CHX treatment in panel (**c**) was determined by densitometric analysis using the NIH Image J program and was normalized against the amount of tubulin. (**e**) H2171 cells were infected with lentivirus-encoding shRNA for non-targeting control or *Noxa*. Cells were treated with CHX (10 *μ*g/ml) for the indicated times, and equal amounts of total extracts were subjected to immunoblot analysis using the indicated antibodies. (**f**) The relative amount of MCL-1 in panel (**e**) was determined by densitometric analysis using the NIH Image J program and was normalized against the amount of tubulin](cddis20146f6){#fig6}

![The regulation of MCL-1 by Noxa expression and the mechanisms of ABT-737 sensitivity in H209 cells. See text for details](cddis20146f7){#fig7}
